The variation in the risk of solid second malignant neoplasms (SMN) with time since first cancer during childhood has been previously reported. However, no study has been performed that controls for the distribution of radiation dose and the aggressiveness of past chemotherapy, which could be responsible for the observed temporal variation of the risk. The purpose of this study was to investigate the influence of the treatment on the long-term pattern of the incidence of solid SMN after a first cancer in childhood. We studied a cohort of 4400 patients from eight centres in France and the UK. Patients had to be alive 3 years or more after a first cancer treated before the age of 17 years and before the end of 1985. For each patient in the cohort, the complete clinical, chemotherapy and radiotherapy history was recorded. For each patient who had received external radiotherapy, the dose of radiation received by 151 sites of the body were estimated. After a mean follow-up of 15 years, 113 children developed a solid SMN, compared to 12.3 expected from general population rates. A similar distribution pattern was observed among the 1045 patients treated with radiotherapy alone and the 2064 patients treated with radiotherapy plus chemotherapy; the relative risk, but not the excess absolute risk, of solid SMN decreased with time after first treatment; the excess absolute risk increased during a period of at least 30 years after the first cancer. This pattern remained after controlling for chemotherapy and for the average dose of radiation to the major sites of SMN. It also remained when excluding patients with a first cancer type or an associated syndrome known to predispose to SMN. When compared with radiotherapy alone, the addition of chemotherapy increases the risk of solid SMN after a first cancer in childhood, but does not significantly modify the variation of this risk during the time after the first cancer.
The temporal pattern of the occurrence of second primary malignant neoplasms after a cancer in childhood is of major clinical importance in determining the risk/benefit balance of different treatments. It plays a critical role in the estimation of the lifetime excess risk experienced by childhood cancer survivors.
Secondary leukaemias occurring after chemotherapy alone (Curtis et al, 1992; Hawkins et al, 1992) and their radiotherapyinduced counterparts, as well as those occurring after a combination of radiotherapy and chemotherapy (Tucher et al, 1987; Andrieu et al, 1990; Henry Amar and Dietrich, 1993; Olsen et al, 1993) appear to exhibit a wave-like temporal pattern, with most of the excess occurring within 10 years of the first cancer. Their temporal pattern of onset is not substantially different from that of leukaemias following irradiation for a non-malignant disease or for a non-medical reason (UNSCEAR, 1994) .
A recent analysis of data on the Japanese atomic bomb survivors showed a significant decrease in the relative risk of solid cancer with follow-up after irradiation (UNSCEAR, 1994; Thompson et al, 1994) . Although such a decline was not identified in previous analyses of this cohort (Pierce et al, 1991) , it had been demonstrated by Little et al (1991 Little et al ( , 1997 who pooled three cohorts including the atomic bomb survivors. Such a decrease has also been confirmed for breast cancer incidence among A-bomb survivors who were less than 20 years of age at the time of exposure (Tokunaga et al, 1994) .
In contrast, the pattern of the variation of the risk of solid second malignancy after a first cancer in childhood is not well known. Indeed, the variation, or the absence of variation, of the risk observed in the major cohorts could be due to a real variation in the risk, or to an effect of the first cancer treatment of patients which varied with time (Tucker et al, 1984; Hawkins et al, 1987; Olsen et al, 1993) . Patients with a longer follow-up were necessarily treated a longer time ago, and often according to protocols no longer used. Satisfactory control for such sources of variation in the risk of second malignant neoplasm (SMN) requires not only detailed information about amount and type of each chemotherapeutic drug, but also radiodosimetry to estimate the radiation dose delivered to each potential anatomical site of second cancer, for each child in the cohort.
We present here the results of a cohort study of 4400 3-year survivors of a childhood cancer monitored in order to evaluate the Second malignant neoplasms after a first cancer in childhood: temporal pattern of risk according to type of treatment long-term risk of SMN after a first cancer in childhood. A preliminary 'note' concerning some of these children, those treated by radiotherapy alone, has been published (de Vathaire et al, 1995) . In the present report, we compare the variation of the risk with time since first cancer, according to the type of treatment, with emphasis on the comparison between radiotherapy alone and radiotherapy plus chemotherapy.
PATIENTS AND METHODS

Patients
A cohort of 4400 children treated in eight centres in France and the UK was established comprising patients who were alive 3 years after the first cancer, diagnosed before the age of 17 years and before 1986. All patients fulfilling these criteria in Rt, radiotherapy; Ct, chemotherapy. each participating centre were included. In British centres, patients with retinoblastoma were not included because they were the subject of a specific study (Hawkins et al, 1996) . In both French and British centres, patients with leukaemia were not included (as either a first or a second cancer). Clinical and histopathological characteristics of the first and second cancers, type of treatment, detailed information on chemotherapy, follow-up data and medical information about second cancers, were recorded from hospital clinical records by physicians or by a specialized data manager (British centres). Radiotherapy data were obtained from hospital technical radiotherapy records by physicians or hospital physicists. The mean year of first cancer treatment was 1974 (Table 1 ). The end-point of the cohort analysis was 1 January 1992 for patients treated in French centres and 1 January 1991 for those treated in British centres.
In 1995, a primary publication concerning only patients treated with radiotherapy alone (de Vathaire et al, 1995) , dealt with 1055 patients and 26 solid SMN. Since this publication a. Eight patients who had been defined by mistake as in the 'radiotherapy alone' or in the 'radiotherapy + chemotherapy' group, have been reclassified in their true group of treatment. b. We decided to keep only the 3-year survivors in the analysis, rather than 2-year survivors as in the previous publication, because the British patients were 3-year survivors c. About a year of average follow-up was added.
Radiation dosimetry
Of the 4400 patients, 3109 received radiotherapy (Rt). Dose estimation was not performed for the 96 patients who received brachytherapy. These 96 patients were excluded from the dose-response study. Among the 3013 other patients, dose estimation was not possible for 182 patients due to insufficient information, radiotherapy outside of a study treatment centre or irradiation of arms for which the positioning was unclear (Table 2 ). For each of the remaining 2831 patients who had received radiotherapy, absorbed radiation doses were estimated at 151 points of the body.
The individual dose calculation required for this study was performed with a software package, Dos_EG, which was developed for retrospective studies at the Institut Gustave Roussy (IGR) (Grimaud et al, 1994; Diallo et al, 1996; Shamsaldim et al, 1998 ). This software is based on auxological methods (Sempé, 1979) and is based on a previous model developed at IGR (François et al, 1988a (François et al, , 1988b , in that:
i. the individual phantom is articulated, thus allowing for trunk inclination and back extension of the head as for mantle treatments ii. the parameters used to adapt the generated phantom to the patient are increased to 12, allowing for better adaptation iii. it localizes 151 anatomical sites using a Cartesian co-ordinate system instead of 64 as in the previous one.
For more than 50% of patients appropriate anatomical data (height, anterior-posterior thickness and left-right width) were available. For the others the standard anatomical dimensions of the French population corresponding to the same sex and age were used. For all patients the radiotherapy data mentioned above were available. For most of the radiotherapy machines used for this population, appropriate measurements were introduced to the software Dos_EG and used in dose calculations. For the others (ten of the 38 machines) the characteristics of similar machines at other centres were used. Table 2 describes the characteristics of the treatment of the 3013 patients who received only external radiotherapy and the mean radiation dose delivered to some selected organs.
Chemotherapy measurement
Chemotherapy (Ct) doses could not be found for 104 of the 2949 patients who had received chemotherapy (Table 3) . Drugs were Second cancers after a first cancer in childhood 1886 Table 3 Treatment characteristics for 2949 children who received chemotherapy, and mean number of moles m -2 by type of drug for 2845 patients for whom chemotherapy reconstruction was possible grouped into five classes according to their known mechanism of action in the cell: electrophil agents, spindle inhibitors, inhibitors of nucleotide synthesis, topoisomerase II inhibitors and other drugs. In order to quantify the total amount of drug administered in each class, we chose to convert the dose of each cytotoxic agent to moles per square meter, rather than to milligrams per square meter. However, we also analysed the data assuming equivalent carcinogenic effect per mg m 2 to ascertain whether this affected our conclusions.
Statistical analysis
In order to estimate the expected number of cancers, by sex, 5-year calendar period and 5 years of attained age, we used data from the Danish Cancer Registry (Parkin et al, 1992) . This registry was chosen because French registries did not cover the study period, and because differences in cancer incidence in Europe are very small for those under 45 years of age (Parkin et al, 1993) , the maximal age attained by only 1% of our patients during the follow-up period. Another reason is that Danish data have been used in many other European studies. The expected number of cancers was obtained for each sex, 5-year age group and 5-year calendar period, by multiplying the incidence rate observed in Denmark by the number of person-years (PY) at risk. With the exception of total body irradiation, radiotherapy delivers extremely heterogeneous irradiation with different parts of the body receiving very different doses. The concept of an average whole body dose was therefore considered unsatisfactory. The temporal pattern of occurrence of brain, breast and thyroid cancer was hence analysed adjusting for, respectively, dose to brain (nine anatomical points), breast (two anatomical points) and thyroid (three anatomical points). This type of analysis was not possible for bone, soft tissue sarcomas and skin cancers, because the anatomical sites vary are widely distributed over the body.
The ratio between the observed number and the expected number of SMN was the relative risk (RR) and was modelled assuming that the number of SMN followed a Poisson distribution (Breslow and Day, 1987) . Similarly, the excess absolute risk (EAR) was defined as the difference between the observed and the expected number of SMN, and expressed in relation to the number of PY at risk. Statistical tests were performed by comparing the deviance of nested models (Breslow and Day, 1987) .
The analysis was done stratifying for the first cancer type, except when the aim of the analysis was to check a predisposition for a given type of second cancer to develop after a given first cancer, in which case the analysis was performed by introducing an indicator variable for first cancer type in the log-linear term. AMFIT Software was used for these analyses (Preston et al, 1993) . Ninety-five percent confidence intervals (95% CI) for parameters were estimated using maximum likelihood (Moolgavkar and Venzon, 1987) .
A debate exists concerning the best way to take into account the variation in the risk of cancer with time: time since first cancer or attained age (Kellerer and Barclay, 1992) . We were not able to contribute to this debate. Indeed, in our cohort, all patients were younger than 15 years old at the time of irradiation, and thus the time since first cancer and the attained age were too closely related. Hence we reported variations in EAR in of RR according to these two time scales.
RESULTS
Before the end of the study, 532 (12%) of the 4400 children were lost to follow-up and 578 (13%) had died. The mean follow-up was 15 years (range 3-48 years) and 1062 children (24%) were followed up 20 years or more. A total of 113 patients (2.6%) developed a solid SMN (all SMN but leukaemias), after excluding non-melanoma skin cancer. The cumulative incidence of solid SMN was 4.9%, (95% CI; 3.7-5.8%) 25 years after treatment of first cancer and 7.7% (95% CI; 5.0-8.2%) 30 years after (Table 4) . During the follow-up period, 12.9 solid SMN were expected in our cohort, leading to a RR of 9.2 (95% CI; 7.6-11), similar among males (RR = 10) and females (RR = 8). Each year, on average, the excess absolute risk of cancer among these survivors was 188 cases per 10 5 PY (95% CI; 152-230) (Table 4 ). Both the RR and EAR of SMN were significantly higher among patients treated for bilateral retinoblastoma (P < 0.0001) and Ewing's sarcoma (P < 0.001) as the first cancer than for other cancers (Table 4) .
The RR of SMN decreased with the time since first cancer, from 16 (95% CI; 12-21) between 3 and 9 years after the first cancer to 11 (95% CI; 8-15) between 10 and 19 years, 6 (95% CI; 3-8) between 20 and 29 years, and 1.7 (95% CI; 0.5-4) after 30 years or more (Table 5 ). This gradual decrease was significant (P < 0.001) after adjustment for sex, age at diagnosis, first cancer type, radiotherapy (yes/no) and the total number of moles of all electrophil agents. The EAR of solid SMN increased non-significantly (P = 0.1) with time after the first cancer (Table 5) : 157 cases per 10 5 PY (95% CI; 112-211) 3-9 years after the first cancer, 214 (95% CI; 151-290) 10-19 years after, 269 (95% CI; 147-433) 20-29 years after, and 161 cases per 10 5 PY (95% CI; 0-560) 30 years after or more. We were not able to show a significant interaction (P = 0.2) between the type of first cancer and the pattern of the variations of the RR but, due to the small number of patients of each first cancer type, the power of the test was low. The decrease observed in the RR of solid SMN (Table 5) with time following Hodgkin's disease (P = 0.2) and neuroblastoma (P = 0.1), and in EAR of solid SMN with time following central nervous system tumours (P = 0.2) were not significant, but the number of cases is small. We were not able to find any evidence for an interaction between the type of first cancer treatment (Ct vs Rt vs Ct + Rt) on the pattern of the variations of the RR (P = 0.8) or of the EAR of SMN (P = 0.3).
When considering the attained age of the patients, rather than the time since first cancer (Table 6) , results were similar: the RR of solid SMN decreased significantly with attained age (P < 0.001) and the EAR showed an increase that was just significant (P = 0.04). A significant interaction was found between the type of first cancer treatment and the pattern of the variation of the EAR (P = 0.01): the increase of the EAR with attained age was stronger among patients treated with Ct + Rt than among those treated by Rt alone.
The most frequent types of solid SMN were bone and soft tissue sarcomas, thyroid, breast and brain cancers (Tables 7 and 8 ). Bone and soft tissue sarcomas occurred mainly after the combination of Rt + Ct, whereas thyroid, brain and breast cancer occurred both after Rt, Ct or both.
Bone and soft tissue sarcoma RR and EAR significantly increased with radiotherapy (yes/no) (P < 0.001) and the dose of electrophil agents (P < 0.001). Of the 34 cases of bone sarcoma, only one occurred 20 years or more after the first cancer. Thyroid carcinoma RR and EAR significantly increased with radiation dose to the thyroid (P < 0.001), but not with chemotherapy (P = 0.6), and decreased with age at irradiation (P = 0.001). Breast cancer RR and EAR significantly increased with the radiation dose (P = 0.05) to the breasts and with the administration of chemotherapy (P < 0.0001). Of the 13 breast cancers, 12 occurred in women who had attained the age of 20 years or more. After Hodgkin's disease, the breast cancer RR was 76 (95% CI,24-177). Brain cancer RR increased significantly with average radiation dose to the brain (P = 0.05) and non-significantly with antimetabolites (P = 0.1), and significantly decreased with age at first cancer (P = 0.05). Among the 11 brain cancers, five appeared 10 years or more after the first cancer.
Neither radiotherapy nor chemotherapy
Three solid SMN occurred among the 406 patients treated by surgery alone, compared to 2.0 expected SMN (RR = 1.5, 95% CI, 0.6-4) ( Tables 9 and 10 ). Two of these occurred among women: a breast cancer at the age of 12 years, 9 years after a rhabdomyosarcoma, and a malignant histocytosis at the age of 16 years, 9 years after a malignant melanoma. The other occurred in a man: a colorectal cancer at the age of 29 years, 26 years after a rhabdomyosarcoma.
Radiotherapy without chemotherapy
Thirty-one patients developed a solid SMN among the 1045 treated with radiotherapy alone, compared to 5.6 expected (RR = 5.6, 95% CI = 3.8-7.8) ( Table 9 ). The cumulative incidence of solid SMN was 3.9% (95% CI = 2.3-5.5), 25 years after radiotherapy for the first cancer (Figure 1 ). The sites of solid SMN were the brain (eight cases observed, 0.18 expected), thyroid (seven cases, 0.098 expected), breast (four cases, 0.79 expected), bone (four cases, 0.15 expected), soft tissue (three cases, 0.11 expected), skin melanoma (two cases, 0.52 expected), and lung cancer, bladder cancer and non-Hodgkin's lymphoma (one case each). The mean annual incidence of solid SMN significantly increased from 120 (95% CI, 80-294) cases per 10 5 PY 3-9 years after the first cancer to 345 cases per 10 5 PY (95% CI, 86-894) 30 years or more later (P < 0.0001). The EAR reached a plateau 20 years after the first cancer, and the RR decreased from 11 (95% CI, 5-21) 3-9 years after the first cancer to 2.3 (95% CI, 0.6-5.9) 30 years or more after (Table 9) (P < 0.0001). A similar pattern was observed according to attained age (Table 10) . These results have been detailed elsewhere (de Vathaire et al, 1995) .
Chemotherapy without radiotherapy
A total of eight patients developed a SMN after chemotherapy alone compared to 1.1 SMN expected (RR = 7.6, 95% CI = 3.5-14): two bone sarcomas (0.06 expected, RR = 32, 95% CI = 5.4-99), two breast cancers (0.05 expected, RR = 44, 95% CI = 7.3-135), brain cancer, soft tissue sarcoma, Hodgkin's disease and malignant histiocytosis (one case of each). The cumulative incidence of SMN 25 years after the first cancer was 2.7% (95% CI = 0.3-5.4). A temporal analysis was not possible because of the very short mean follow-up of 11 years (Tables 9  and 10 ).
Both radiotherapy and chemotherapy
A total of 71 patients developed a solid SMN, compared to 3.8 expected (RR = 19, . The sites were the bone (28 cases observed, 0.20 expected, RR = 139, 95% CI = 94-197), soft tissue (14 cases, 0.12 expected, RR = 115, 95% CI = 65-185), thyroid (seven cases, 0.08 expected, RR = 86, 95% CI = 37-166), breast (six cases, 0.15 expected, RR = 40, 95% CI = 16-81), brain (three cases, 0.12 expected, RR = 26, 95% CI = 5.5-67), liver (three cases, 0.13 expected, RR = 9.3, 95% CI = 2.2-24) melanoma (three cases, 0.12 expected, RR = 9.9, 95% CI = 2.5-26), kidney (two cases, 0.15 expected, RR = 13, 95% CI = 0-33), and stomach, pancreas, multiple myeloma and parathyroid gland (one case each). The primary sites of a sarcoma and of a carcinoma were not localized. The 25-year cumulative incidence of solid SMN was 7.7% (95% CI = 5.4-9.9).
The RR of solid SMN significantly decreased with time since first cancer (P < 0.05) ( Table 9 ) and with attained age (P < 0.05) (Table 10 ). This decrease remained significant (P < 0.05), when adjusted for age at first cancer, sex, country of treatment, first cancer type and the total number of moles of electrophil agents, and (P < 0.05) when patients known to be predisposed to SMN (five Recklinghausen, 14 Li-Fraumeni) were excluded. The same result remained significant (P < 0.05) when the analysis was restricted to the 1885 patients treated with external radiotherapy, for which the dose had been estimated, and when adjusted for the average dose of radiation received by the thyroid, brain, breast and digestive tract.
In contrast, the EAR of solid SMN significantly increased with time after irradiation (P < 0.05) and attained age (P < 0.005) from 240 (95% CI; 159-337) cases per 10 5 PY between 3 and 9 years after the first treatment to 548 cases per 10 5 PY (95% CI, 226-1039) 20 years or more after, this increase remaining significant after adjustment for treatment and first cancer type (P < 0.01 in all cases).
DISCUSSION
This study of the incidence of solid second malignant neoplasms in a cohort of 4400 patients treated for a first cancer in childhood, and followed up for 15 years on average, revealed a significant increase in the annual excess incidence of a solid SMN (P = 0.01), and a decrease in the relative risk, with time since treatment of the first cancer, both for patients treated with radiotherapy alone (P < 0.0001) and for those treated with radiotherapy plus chemotherapy (P < 0.05), during a period of at least 30 years after the first cancer.
The reference cancer incidence registry we used did not cover the study area. This choice could have biased the estimation of the decrease in the RR if the Danish general population below 40 years of age had recently experienced a strong increase in cancer incidence, and if such an increase had not occurred in France and the UK. However, statistics published on cancer incidence do not show any sign of such a phenomenon (Parkin et al, 1993) .
Among our cohort, 532 (12.1%) patients were lost to follow-up. These patients were not different from the others by sex (45% women) or diagnostic date (1975 on average). They were more frequently bilateral retinoblastoma (4% vs 2%) (P = 0.09). They received a lower number of moles of drug (22 vs 36 moles m -2 ) (P < 0.01), a similar average radiation dose to thyroid (4.6 vs 4.4 Gy), to breast (3.2 vs 3.4 Gy), to stomach (5.4 vs 5.6 Gy) and to brain (7.6 vs 8.0 Gy).
The finding that the solid SMN RR decreased with time since first cancer and attained age, both after radiotherapy alone and after radiotherapy plus chemotherapy, is consistent with results concerning the overall risk of solid cancer after irradiation during childhood for other reasons (UNSCEAR, 1994; Little et al, 1997) . This study also leads us to conclude that chemotherapy significantly increases the risk of solid cancer in patients treated with radiotherapy, but does not significantly affect the temporal pattern of the risk after the first cancer. Although other studies of SMN occurrence after first cancer were not able to control for the variation in the radiation dose distribution and in aggressiveness of the chemotherapy according to the period of treatment, our results may be compared with those of the other major studies. Our result concerning a significant decrease in solid SMN RR with time since treatment is in agreement with the finding of a study based on data from registries: a cohort of 30 880 patients treated in childhood or adolescence (Olsen et al, 1993) . Two other cohort studies, comprising 10 106 3-year survivors followed 6 years in average (Tucker et al, 1984) and 9170 2-year survivors followed 8 years in average (Hawkins et al, 1987) , found no evidence of a variation in the RR of SMN with time since the first cancer.
Excess absolute risk, which is of major clinical interest, was found to significantly increase with time since first cancer, at least during the initial 30 years after first cancer, and also with attained age. In our cohort, this increase was mainly due to breast and brain cancer. This result is in agreement with those of all the other cohort studies of SMN after first cancer in childhood (Tucker et al, 1984; Hawkins et al, 1987; Olsen et al, 1993) . It was not due to a variation in the distribution of the radiation dose or in the aggressiveness of the chemotherapy according to the year of treatment. Indeed, it remained after controlling for these factors.
We found a relative risk of breast cancer after Hodgkin's disease of 76 (95% CI; 24-177), which is similar to the 75 (95% CI; 45-118) reported by Bhatia et al (1996) among 483 women treated for Hodgkin's disease during childhood. Although compatible, the cumulative risk of breast cancer at 40 years of age in our cohort was significantly lower than in this cohort (19% vs 35%). We found that the risk of thyroid cancer significantly increased with the dose of radiation, but not with chemotherapy, which is in agreement with the findings of Tucker et al (1991) . The very high proportion (8/31) of second brain cancers among second cancers occurring in patients treated with radiotherapy alone was due to the high proportion of cancers of the central nervous system as the first cancer among patients treated with radiotherapy alone in our cohort (423/1046), particularly due to recruitment in British centres. These patients had received much higher doses to the brain and hence developed more second brain cancers of a different histological type. This higher risk totally disappeared after adjustment for the dose to the brain.
It has to be noted that patients in our cohort were young at the end of the follow-up: 21 years on average. Hence our study deals effectively only with solid SMN occurring during childhood or in young adults, and is not informative about solid SMN which will occur at later ages.
In conclusion, our study confirms that there is a high risk of second cancer occurring after radiotherapy and/or chemotherapy for a first cancer in childhood. On comparison with the general population, the relative risk decreased with time since the first cancer, but not the excess absolute risk, which increased during the period of at least 30 years after the first cancer. As compared to radiotherapy alone, the addition of chemotherapy increases the risk of SMN after a first cancer in childhood, but does not modify the variation of this risk during the time after the first cancer.
